Abstract: To evaluate the diagnostic performance of fused diffusionweighted imaging (DWI) using either unenhanced (UFMR) or early postcontrast T1-weighted imaging (PCFMR) to detect and characterize breast lesions in patients with breast cancer.
INTRODUCTION

S
ince its introduction in 1986, dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) has become the most sensitive method for detecting invasive breast cancer. [1] [2] [3] [4] [5] A meta-analysis revealed a pooled sensitivity of 90% and specificity of 72%. 6 Moreover, the clinical utility of breast MRI screening in high-risk women is greater than mammography and sonography, which shifts the distribution toward lower stages and reduces the number of interval cancers. 5, [7] [8] [9] Breast MRI has been used as a second-line imaging tool to solve diagnostic problems and as an adjuvant screening tool in women at high risk of breast cancer. 10 Full diagnostic breast DCE-MRI includes multiple pre and postcontrast sequences, with or without fat suppression, which requires excessive amounts of time and is costly compared with screening mammography. Recently, several studies have shown that an abbreviated breast MRI including a pre, first postcontrast sequence, and subtraction maximum intensity projection had a similar diagnostic accuracy in a screening setting. 10, 11 The use of gadolinium-based contrast agents has several issues, however, such as a risk of immediate adverse effects, contraindications in patients with impaired renal function and chronic kidney disease, nephrogenic systemic fibrosis as a late complication, and the relatively high cost of contrast agent. 12, 13 Recent study also described that intravenous gadolinium-based contrast agent exposure was associated with neuronal tissue deposition even in the setting of relatively normal renal function. 14 Additionally, in a mass screening setting for breast cancer, the long-term effects of annual or biannual administration of gadolinium contrast agents are unknown. 15 On the contrary, diffusion-weighted imaging (DWI) is a useful unenhanced technique that provides microstructural data at the cellular level and can detect changes in the apparent diffusion coefficient (ADC) for tissue water associated with changes in tissues and intracellular structures. 16 Recent studies have demonstrated that it has a potential to detect breast cancer and characterize breast lesions. 16, 17 Technical advances in DWI has allowed for an improved quality of DWI, while readout segmented DWI have the potential to provide improved spatial resolution and reduced distortion compared with conventional single-shot echo-planar imaging (EPI). 18 Several studies have evaluated the diagnostic performance of an unenhanced MR protocol that includes DWI and T2-weighted imaging, [19] [20] [21] [22] and they showed good diagnostic performance compared with screening mammography. However, lesion conspicuity and background conspicuity that result from the breast anatomy may represent concerns for the clinical application of DWI. These limitations may be overcome by fusion imaging using high b-value DWI and T1-weighted imaging, which may provide both anatomic and functional information. [23] [24] [25] Therefore, we aimed in our present study to evaluate the diagnostic performance of fused DWI using either unenhanced (UFMR) or early postcontrast T1-weighted imaging (PCFMR) to detect and characterize breast lesions in patients with breast cancer.
MATERIALS AND METHODS
Study Population
This retrospective observational study was approved by our institutional review board of Asan Medical Center and the requirement for obtaining informed patient consent was waived due to the retrospective nature of our study. Our focus is on the detection and characterization of breast lesions. Therefore, we chose patients with biopsy-proven malignant masses. We searched reports from picture archiving and communication system reports. From January to July 2014, 436 consecutive patients with biopsy-proven malignant mass who underwent preoperative diagnostic breast MRI at 3T, including DWI and definitive surgery, were enrolled. Among them, we selected only patients who underwent readout segmented echo-planar imaging (rs-EPI), in order to improve the detectability and spatial resolution of DWI. We excluded patients who underwent neoadjuvant chemotherapy (n ¼ 201), who underwent mammotome or excisional biopsy (n ¼ 11), who underwent postoperative screening MRI (n ¼ 108), and who underwent diagnostic MRI for the evaluation of implant or foreign body injection (n ¼ 29). Finally, 87 patients with biopsy-confirmed malignant masses (age range, 29-80 years; mean, 51 years) were included in the analysis (Figure 1 ). and 0.9-mm thickness without an inter-slice gap). One unenhanced and five contrast-enhanced acquisitions were acquired and a temporal resolution was 59 s. An intravenous bolus injection of 0.1 mmol/kg gadoterate meglumine (Dotarem, Guerbet, Aulnay-sous-Bois, France) was administered at a flow rate of 2 mL/s using an MR compatible power injector (Spectris; Medrad, Pittsburgh, PA) followed by a 20-mL saline flush.
MRI Acquisition
After dynamic series, DWI was performed using rs-EPI sequence. Diffusion-weighted gradients were applied in 3 orthogonal directions and 2 b-values (0 and 1000 s/mm 2 ) were used. Acquisition parameters were as follows: TR/TE, 8200/57 ms; flip angle, 1808; FOV, 152 Â 340 mm Digital Imaging and Communications in Medicine files from DCE-MRI and DWI were transferred to computer software (Syngovia; Siemens Medical Solutions) in order to generate fusion images using high b-value DWI and unenhanced or postcontrast T1WI. A total of 2 sets of fusion MR images were generated in 2 steps. First, UFMR was carried out between high b-value DWI and unenhanced T1WI. Second, PCFMR was conducted between high b-value DWI and early postcontrast T1WI. These fusion images were saved in each case with removal of all information on the patient's identity.
Image Analysis
Five dedicated breast radiologists with 1, 1, 3, 4, and 10 years of breast MRI experience (2 breast fellows with 1 year of breast MRI experience and 3 breast faculty members with 3, 4, and 10 years of breast MRI experience) independently evaluated either UFMR or PCFMR, along with ADC maps, by first assessing UFMR along with ADC maps, and then considering PCFMR along with ADC maps. Each radiologist evaluated 2 sets of MRI data, including UFMR and PCFMR, according to the following Breast Imaging Reporting and Data System (BIRADS) criteria: laterality (right vs left); lesion type on MRI (mass vs nonmass); location (quadrant, subareolar area); detection (no vs yes); size measured by each modality (mm); final assessment category (2, 3, 4, and 5); the probability of malignancy using a 100-point scale; and lesion conspicuity using a 10-point scale. Additionally, each reader obtained ADC values for each of the lesions detected by drawing an ROI in 1 representative slice of a lesion. All of these data were entered onto an Excel spread sheet. Each reader reviewed the 2 datasets at 2 weeks interval, so that readers could not be influenced by their review of the other dataset. First, the images of UFMR were read, and then those of PCFMR were read.
Data Review and Statistical Analysis
For data analysis, UFMR and PCFMR findings were compared by 1 radiologist (HJS with 10 years of experience in breast MRI); all lesions were matched and assigned lesion numbers across 5 readers. To reduce the effects of false-positive detection, reproducibility and k statistics were only considered for those lesions identified by at least 2 readers. The consensus description across 5 readers identifying any given lesion was considered as the reference standard for that lesion. ''Consensus'' was defined as a lesion detected by at least 2 readers. Statistical analyses were performed using SPSS version 19.0 (SPSS, Inc., Chicago, IL).
The primary aim of our present study was to evaluate the reproducibility of identifying the characteristics of various lesions, including lesion detection, lesion size, and lesion type, on UFMR and PCFMR across 5 readers in a diagnostic setting. Initially, summary tables and simple frequencies were used to explore data and identify outliers. An intraclass correlation coefficient (ICC) was calculated for continuous variables, such as lesion size, and the ADC values between UFMR and PCFMR. To measure interobserver agreement on lesion detection and BIRADS final assessments across 5 readers, k statistics were used. Any missing values were excluded. Note that k values denote the following: 1.0, perfect agreement; 0.81 to 0.99, almost perfect agreement; 0.61 to 0.80, substantial agreement; 0.41 to 0.60, moderate agreement; 0.21 to 0.40, fair agreement; and 0.20, slight agreement. 26 The x 2 test was used to compare the detection rate between the following criteria: mass versus nonmass, benignity versus malignancy, and main versus additional lesion. A paired t test was used to compare lesion conspicuity between UFMR and ECFMR. Receiver operating characteristic (ROC) curve analysis was performed to evaluate the diagnostic performance of identifying the probability of malignancy on both UFMR and PCFMR. A 2-sided 95% confidence interval (CI) was used to estimate the ICC. Two-tailed statistical tests were always used, and P values < 0.05 were considered statistically significant.
RESULTS
Patients
A total of 136 enhancing lesions were identified by conventional DCE-MRI in the 87 study patients. Among them, 7 lesions, including 3 additional suspicious lesions and 4 benign lesions, were not detected on either fused unenhanced or early postcontrast T1-weighted DWI by any of 5 readers. The 3 additional suspicious lesions included two 0.6 cm invasive ductal carcinomas and one 0.4 cm ductal carcinoma in situ (DCIS). Finally, we included 129 lesions in 87 patients that were detected by at least 2 readers, which were composed of 107 malignant lesions (83%) and 22 benign lesions (17%). Among the107 malignant lesions, 87 (81%) were an index cancer and 20 (19%) were additional malignant lesions. A summary of the characteristics of the 129 lesions in 87 patients is provided in Table 1 . The size of the benign lesions was significantly smaller than that of the malignant lesions (0.77 AE 0.28 cm vs 2.05 AE 1.32 cm, P < 0.001).
Lesion Detection
Among 645 of potential lesion detections in our study series, 528 (82%) detections were made using UFMR and 554 (86%) detections were made using PCFMR. For UFMR, 4 (3%) potential lesions were missed by all 5 readers, 7 (5%) were only detected by 1 reader, 15 (12%) were detected by 2 readers, 8 (6%) were detected by 3 readers, 7 (5%) were detected by 4 readers, and 88 (68%) were detected by all 5 readers. For PCFMR, 22 (17%) potential lesions were detected by 2 readers, 9 (7%) were detected by 3 readers, 8 (6%) were detected by 4 readers, and 90 (70%) were detected by all 5 readers. The detection rates of each of the 5 readers are summarized in Table 2 .
For the 107 malignant lesions in our patient population, 87 (81%) index cancers were detected by all 5 readers (Figure 2 ) and the other 20 (19%) additional suspicious lesions were detected by 4 or less readers on UFMR (Figure 3 ). On PCFMR, 88 (82%) malignant lesions, including 87 index cancer lesions, were detected by all 5 readers, while the remaining 19 (18%) additional suspicious lesions were detected by 4 or less readers (Figure 4) .
Our null hypothesis for lesion detection was that there were no significant differences for lesion detection between UFMR and PCFMR. Both the lesion and cancer detection rates were higher on PCFMR than on UFMR, but this was only significantly different for 1 reader (Table 2 ). Only reader 2 showed a significantly higher lesion detection rate on PCFMR than on UFMR (P ¼ 0.002), whereas the overall cancer detection rate (11) was not significantly different between both modalities across 5 readers. By UFMR, the detection rate ranged from 14% to 73% for benign lesions and from 88% to 93% for malignant lesions, whereas the detection rate on PCFMR ranged from 14% to 95% for benign lesions and from 89% to 95% for malignant lesions. For the additional enhancing lesions, the detection rate ranged from 28% to 73% on UFMR and from 28% to 93% on PCFMR. Notably, lesion conspicuity was significantly greater on PCFMR than on UFMR across all 5 readers (Table 2) . Three breast faculty members (reader 1-3) showed higher overall lesion detection rates than breast fellows (readers 4 and 5), whereas cancer detection rates were similar between faculty members and breast fellows ( Table 2) .
Agreement
Regarding agreement on the lesion size between pathology and imaging, ICC ranged from 0. Denominator is the number of cancers (n ¼ 107). /s. Definitive surgery confirmed a 1.9-cm invasive ductal carcinoma. ADC ¼ apparent diffusion coefficient, MRI ¼ magnetic resonance imaging, PCFMR ¼ fused diffusion-weighted imaging using early postcontrast T1-weighted imaging, UFMR ¼ fused diffusion-weighted imaging using unenhanced T1-weighted imaging.
In our present patient cohort, there were 115 (89%) masses and 14 (11%) nonmass lesions. Using the x 2 test, we detected no significant differences for lesion detection according to lesion type (mass vs nonmass) on both UFMR and PCFMR across all 5 readers (for all, P > 0.05). The percentage agreement for lesion type assessments ranged from 93% to 97% 
Diagnostic Performance
A comparison of diagnostic performance is summarized in Tables 3 and 4 . UFMR showed sensitivity of 85% to 92%, specificity of 82% to 96%, and accuracy of 87% to 91%, whereas PCFMR showed a sensitivity of 89% to 93%, specificity of 86% to 91%, and accuracy of 89% to 92% (Table 3 ). In addition, UFMR showed positive predictive value (PPV) of 96% to 99% and negative predictive value (NPV) of 57% to 68%, whereas PCFMR showed PPV of 97% to 98% and NPV of 63% to 70%. No significant differences were detected for the diagnostic performance between these 2 modalities, although NPV of PCFMR was slightly higher than UFMR. AUCs for the prediction of malignancy ranged from 0.92 to 0.97 on UFMR and from 0.95 to 0.98 on PCFMR. The AUCs for predictions of malignancy were not significantly different between the 2 modalities (Table 4) .
DISCUSSION
Recently, only a few studies have characterized an abbreviated breast MRI protocol, which has been associated with more rapid image acquisition and interpretation. 10, 11 An unenhanced breast MRI protocol might also be helpful for breast cancer screening, but this has also been poorly characterized. In our present proof-of-concept multiple reader study, UFMR showed a similar diagnostic performance and lesion detection rate to PCFMR, although the former showed less lesion conspicuity. Most lesions that were missed on UFMR were either benign or additional small suspicious lesions. UFMR had a sensitivity of 85% to 92% and specificity of 82% to 96%, whereas PCFMR had sensitivity of 89% to 93% and specificity of 86% to 91%. Several previous studies have investigated the roles of unenhanced breast MRI and reported that a protocol that combined DWI and T2-weighted imaging showed similar sensitivity, but improved specificity compared with dynamic contrast-enhanced MRI. [20] [21] [22] 26 In the general patient population, an unenhanced breast MRI protocol could be favorably compared with screening mammography.
19-21
Based on DCE-MRI, considerable overlap has been shown to exist between benign and malignant lesions. 3 In equivocal circumstances, an additional feature such as ADC on DWI could be helpful to reduce the number of biopsies. [16] [17] [18] [19] [20] [21] [22] [26] [27] [28] Trimboli et al 22 showed that DWI plays an important role in cancer detection, yielding increasing sensitivity from 59% to 62% (T1-weighted image) to 70% to 76% (T1-weighted image plus DWI). Among unenhanced sequences, DWI provides information about the degree of water molecule diffusion, which is inversely correlated with both tissue cellularity and cell membrane integrity. 19 One significant advantage is its high sensitivity for detecting breast cancer without requiring the injection of contrast material. [20] [21] [22] A recent meta-analysis showed an overall sensitivity of 84% (82-87%) and specificity of 79% (75-82%). 29 Several recent studies have examined the role of fusion MRI using both high b-value DWI and T2-weighted imaging, involving the abdomen, pelvis, and breast. [23] [24] [25] [26] The use of fusion MRI using high b-value DWI and T2-weighted imaging may overcome the limitations of DWI by simultaneously providing both anatomical and functional information about a tumor. 26, 27 Our present study differs from these previous studies in 1 aspect. We used a T1-weighted gradient echo sequence to take advantage of its high spatial resolution to obtain morphological data instead of T2-weighted imaging. Trimboli et al 22 reported that unenhanced T1-weighted imaging showed 59% to 62% sensitivity with high specificity (92%) and a good PPV (79%). In our present study, UFMR showed a sensitivity of 85% to 92%, specificity of 82% to 96%, PPV of 96% to 99%, and NPV of 57% to 68%, which was higher than that reported by Trimboli et al, 22 and was not significantly different compared with PCFMR. However, the lesion conspicuity of UFMR was significantly lower than that of PCFMR. By contrast, the time required for image acquisition was shorter for UFMR ($5 min) than for PCFMR ($10 min). Additionally, the unenhanced protocol had the advantage of not using contrast material.
In our present study, we also tried to confirm whether the diagnostic performance of UFMR was similar to that of PCFMR as a replacement for DCE-MRI with DWI. For both overall lesion and cancer detection rate, we found no significant differences between the 2 modalities, although lesion conspicuity was higher in PCFMR compared with UFMR. Most of the missed lesions on UFMR were either benign or additional suspicious lesions. When we considered the ''consensus'' lesions detected by at least 2 readers, the number of the missed lesions was 11 (8.5%) only on UFMR and the mean size of the missed lesion was 0.9 cm (range, 0.4-2.1 cm). Therefore, all index cancers were detected using the unenhanced sequence (UFMR). Additionally, AUCs for predicting malignancy were not significantly different between the 2 modalities. Therefore, we suggest that fused unenhanced T1-weighted DWI could replace DCE-MRI with DWI as a screening tool. As for the lesion type, invasive cancers are more conspicuous on DCE-MRI than noninvasive cancers such as DCIS and invasive cancers tend to present as discrete masses. However, our study showed that there was no significant difference for lesion detection according to lesion type on both UFMR and PCFMR across all 5 readers (P > 0.05 for all). There were several limitations to our present study. First, we included a limited number of patients and adopted a retrospective study design. However, we did include consecutive uniform patients group who underwent preoperative breast MRI using a 3T MR scanner during the study period and definite surgery. Second, we evaluated only the preoperative breast MRI, which may induce selection bias. In addition, this may affect the image evaluation by radiologists. Third, we did not evaluate the diagnostic performance of DCE-MRI and DWI alone across our 5 readers because our study focused on comparisons of the diagnostic performance between UFMR and PCFMR. Fourth, fused DWI using both b ¼ 1000 images and ADC maps were possible; however, we did not evaluate these 2 sets of fused images. Further study is needed to confirm our results. Fifth, the diagnostic performance of the fusion images may be degraded by misregistration between the DWI and T1WI images, which arises because the slice thickness and in-plane voxel size are larger for the DWI than for the T1WI series. In order to reduce this effect, we performed nonrigid image registration in order to register these 2 images using the dedicated software (Syngovia).
In conclusion, our current findings indicate that the detection of index malignant lesions by UFMR is similar to that of PCFMR, and the interobserver agreement of final assessments was found to be reliable across all 5 readers. The diagnostic performance for predicting malignancy was similar between with UFMR and PCFMR, although lesion conspicuity was significantly higher on PCFMR. 
